We analyze the photoluminescence temperature behavior of InGaAs/GaAs quantum dots grown by heterogeneous droplet epitaxy. Morphologically, these dots are nanocrystal InGaAs inclusions in the GaAs matrix, with a concave disk shape and, more important, no wetting layer is connecting the dots. The photoluminescence of the dots does not show any of the typical of the Stranski-Krastanov dots temperature properties, such as sigmoidal peak energy position and linewidth narrowing. We demonstrate that such behavior stems from the lacking of the thermally activated dot-dot coupling channel provided by the wetting layer thus preventing the establishment of a common quasiequilibrium in the whole dot ensemble. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1516632͔
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The SK self-aggregated dots grow on a bidimensional wetting layer ͑WL͒ which mediates the electronic interaction between the barrier states and the localized QD states. The part played by this two-dimensional ͑2D͒ layer, in determining the physical properties of the SK-QDs, is still a matter of debate. The photoluminescence ͑PL͒ of SK-QDs typically shows a very peculiar temperature dependence: A large temperature-induced band gap shrinking, eventually sigmoidal, and a temperature driven reduction of the PL full width at half maximum ͑FWHM͒. 4 -9 This property, also referred to as anomalous PL temperature behavior, is not observed in other heterostructures such as quantum wells and quantum wires. The commonly accepted picture for this phenomena is based on a model of the temperature driven carrier dynamics which takes into account the QD size distribution, random population effects, and carrier capture, relaxation and retrapping. 8, 10 The base idea is that such behavior should be the fingerprint of a transition in the carrier population of the QD ensemble from the nonequilibrium, random distribution of carriers, which characterizes the low-temperature range, 11 and the quasiequilibrium carrier distribution with a common Fermi level in the whole QD ensemble at high temperatures. This transition should be promoted by the temperature activated dot-dot coupling channel provided by the 2D WL states connecting the dots. 10 Therefore, it is assumed that the WL plays a fundamental role in determining the temperature dependence of the carrier dynamics in SK-QD systems, but a direct experimental demonstration has never been provided.
In this letter, we show that the observed anomalous behavior in the temperature dependence of the PL features can be removed by wiping out the WL from the QD material. We expressly realized InGaAs/GaAs QD structures without a WL by taking advantage of a modified MBE method, 12 the heterogeneous droplet epitaxy ͑HDE͒, 13 which permits the assembling of nanometer size InGaAs isolated inclusions in the GaAs matrix. No WL is connecting the so-formed HDE-QDs. 13 The temperature behavior of a reference InAs/ GaAs SK-QD sample of similar emission energy and comparable FWHM is also reported.
Growth procedure details of the heterogeneous droplet epitaxy QD structures investigated herein are reported in Ref. 13 . Transmission electron microscope cross section images, 13 show that the shape of these QDs is a slightly concave disk. The typical dimensions are 30 nm base and 12 nm height. The interface between the QD and the bulk is free from dislocations. No evidence of wetting layer formation is found. The average In content in the dot is around 20%. The ground-state Bohr radius, measured by means of PL measurements in a high magnetic field, shows that the electronic wave function is localized around 10 nm in the lateral direction and 3.7 nm along the growth direction. 14 The growth of the SK-QD sample copies the procedure of the second sample set of Ref. 10 . The InAs coverage is 1.6 monolayers.
PL spectra were measured in the 10-290 K temperature range. The PL was excited with an Ar ϩ laser in multiline mode, or with a tunable Ti:Sapphire laser for excitation resonant with the dot states. The power density was in the 2-1000 W/cm 2 range. The spot diameter varied from 200 m to 1 mm. PL spectra were measured by a grating mono- APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 16 chromator operating with a cooled InGaAs photomultiplier. The HDE-QD emission at 20 K, under weak nonresonant excitation in the GaAs barrier, is centred at 1.298 eV with a FWHM of 23 meV ͓Fig. 1͑a͔͒. By increasing the excitation power density ( P exc ) in the 2-1000 W/cm 2 range a clear band filling effect is observable. Three additional peaks on the high-energy side of the ground-state transition at 1.326 eV, 1.355 eV, and 1.390 eV, respectively, are clearly distinguishable at the highest P exc . We attribute these emissions to excited state recombinations.
The HDE-QD PL temperature dependence, in the 20 K to room temperature ͑RT͒ range, is reported in Fig. 1͑b͒ . The overall PL integrated intensity decreases with increasing temperature. No difference in the temperature PL spectral behavior between nonresonant ͑in the AlGaAs barrier͒ and resonant ͑with a QD excited state͒ excitation conditions has been detected. Thus, in HDE-QDs, the reduction of the PL yield with temperature should be ascribable to the thermally induced escape of carriers from the QD ground state. We modeled the carrier thermal dynamics in the HDE-QDs by duly modifying the model reported in Ref. 15 taking into account inhomogeneous broadenings effects. 10 The activation energy of the quenching process sets the quenching channel state at 1.48Ϯ0.03 eV, thus compatible with a quenching mechanism involving excitation of the carriers from the QDs directly into the GaAs barrier. With increasing temperature, the QD PL shifts toward lower energies, almost maintaining its shape until Ϸ140 K. At higher temperatures, a high-energy shoulder indicates thermal population of excited states. No anomalous temperature dependence of the peak energy position and of the width of the PL bands has been observed, in contrast with most of the InGaAs/GaAs SK-QDs with the similar confinement energy and linewidth previously reported. 4 -6,16 The temperature dependence of the ground-state transition energy and FWHM are reported in Figs. 2͑a͒ and 2͑b͒ . The PL band shifts regularly with no sigmoidal 6 dependence of the PL peak energy versus temperature, nicely following the GaAs gap temperature dependence. 17 The broadening of the HDE-QD PL band does not decrease as the temperature increases. The onset of the HDE-QD excited state emission at high temperature, due to thermal population of the states, induces, instead, a rapid increase of the PL band FWHM with the temperature ͓not shown in Fig. 2͑b͔͒ .
The SK-QD reference sample, although showing similar emission energy ͑1.29 eV͒ and comparable FWHM ͑40 meV͒, clearly exhibits ͓Figs. 2͑c͒ and 2͑d͔͒ the typical anomalous behavior of the SK-QDs, namely, the thermally induced narrowing of the PL linewidth, here reaching Ϸ20% reduction, and the speeding up of the QD gap energy shrinkage with the temperature in coincidence with the FWHM reduction. The SK-QD PL integrated intensity is quenched much faster than that of the HDE-QDs. The PL quenching channel energy of the SK-QD sample, determined through a fit with the model reported in Ref. 10 , is at 1.41Ϯ0.02 eV, compatible with the energy of the WL states.
Let us discuss the phenomenology presented. Spectroscopically, the two regimes in the SK-QD population ͑non-equilibrium and common quasiequilibrium͒ should be characterized by similar PL, with the same FWHM, and by the absence ͑nonequilibrium͒ or the presence ͑equilibrium͒ of a temperature dependent redshift between the PL emission and the optical absorption ͑Stokes shift͒. 18 The transition between the two thermal distribution of carriers is indicated by the appearance of the anomalous PL temperature behavior. The final recovery of the FWHM at its initial values marks the attaining of full thermalization in the QD ensemble. 10, 18 Obviously, the PL anomalous behavior becomes more easily observable in samples showing a large PL FWHM ͑e.g., a SK-QD sample with Ϸ100 meV of PL FWHM, emitting at 1.3 eV, shows a maximum reduction of its width of Ϸ40%͒, 10 but the effect remains clear also in SK-QD samples with narrow bands, as shown by our reference sample.
As a matter of fact, the lacking of WL, in HDE-QDs, makes the QD PL band temperature dependence regular in the whole temperature range, thus demonstrating that the presence of the WL is fundamental for the achievement of a common carrier quasiequilibrium distribution in the QD ensemble. The lack of WL forces the QD ensemble to remain uncoupled and in nonequilibrium state up to RT. In the HDE-QD samples, the continuum of states associated with the barriers could play as common state accessible to all the QDs, thus possibly allow the establishment of a common quasiequilibrium carrier distribution in the QD ensemble. However, the barrier states provide a much less efficient dot-dot coupling channel than the WL. Trivially, the larger energy distance from the QD ground state of the barrier, with respect to the WL, shifts the achievement of the ensemble equilibrium distribution to higher temperatures. Moreover, the barrier nearly suppresses the dot-dot carrier shuffling by reducing the probability for retrapping for carriers thermally emitted from the QDs. Two phenomena account for such a reduction. First, the large number of accessible nonradiative centers decreases the carrier diffusion length in the barrier. Second, the diffusion from dot to dot through the WL is more efficient than through the barrier because of the suppression of the diffusion along the growth direction.
Although the absence of the WL prevents the establishment of a common quasiequilibrium in the QD ensemble, the increasing relative intensity of the excited state emission with increasing temperature indicates a redistribution of carrier inside the dot. The ratio (R) between ground-state emission intensity and excited state emission intensities, as determined by decomposing the high-energy PL shoulder as a sum of the Gaussian components, is reported in Fig. 3 . At high temperature, the value of R depends exponentially on the inverse temperature. We determined the corresponding activation energies by linear fit of the R Arrhenius plots. The calculated values give an activation energy ⌬Eϭ25Ϯ5 meV for the first-excited state and ⌬Eϭ46Ϯ11 meV for the second-excited state. These values are in agreement with the experimental energy separation between ground-state and excited state emission ͑28 and 57 meV, respectively͒. Our data demonstrate the establishment of a local quasiequilibrium distribution of carriers inside each single QD in the ensemble.
In conclusion, the most striking result of the overall phenomenology presented is the demonstration of the fundamental role of the WL for the achievement of common quasiequilibrium Fermi distribution in the QD ensemble. The lack of the WL, in fact, suppresses the efficient, temperature activated, dot-dot coupling channel responsible for the transition between the nonequilibrium and the quasiequilibrium regimes in the QD ensemble. This observation demonstrates the validity of the basic assumption of the models dealing with the anomalous behavior of the PL temperature dependence in SK-QDs. 8, 10 From the application point of view, the absence of dotdot coupling, through the WL states, in the QD ensemble should be of the utmost importance. In fact, for ideal QD lasers, a negligible temperature dependence is expected, because the energy distribution of the carriers is determined by the ladder of deltalike density of states in the QD. This is only valid if coupling between the dots via continuous states can be neglected, and this is not the case in SK-QD structures, where the presence of the WL extended states provides a close ͑in energy͒ and high efficiency coupling channel between the dots. 10 Moreover, in SK-QD lasers, the presence of the WL is considered responsible for the change between multimode and single-mode operation and of the abrupt reduction of threshold current characteristic temperature T 0 , which happens in QD lasers at about 150 K, because of the enhanced carrier recombination in the WL. 19 
